Objective: Both brain and body temperature rise after stroke but the cause of each is uncertain.
A systemic response to the rise in systemic inflammatory cytokines after stroke could also increase brain temperature. Interleukin-6 (IL-6) triggers the release of other proinflammatory cytokines, and its presence is important for the generation of fever. 6 Higher levels of IL-6 and acute phase proteins are associated with poorer functional outcome after stroke, 7, 8 and one potential mechanism for their association with poor outcome is a rise in brain temperature.
We aimed to determine the association between levels of IL-6, or downstream acute phase proteins such as C-reactive protein or fibrinogen, and changes in brain or body temperatures over the first 5 days after stroke.
METHODS Ethical review. We conducted the study according to the principles expressed in the Declaration of Helsinki. Scotland A Research Ethics Committee (REC Ref. No: 06/MRE00/119) approved the study. All patients or their proxies provided written informed consent for the collection of data and subsequent analysis.
Patient recruitment. We prospectively recruited patients with ischemic stroke who presented to the emergency department of our hospital and who could undergo magnetic resonance spectroscopy (MRS) within 24 hours of symptom onset. At the patient's admission to hospital, a stroke physician measured neurologic impairment with the NIH Stroke Scale (NIHSS), 9 blood pressure, and body temperature with a First Temp Genius aural digital thermometer. During the hospital admission, the patient's nurse used a First Temp Genius thermometer to measure aural temperature once every 4 hours, and at the time of the magnetic resonance (MR) brain scans. Tympanic thermometry agrees well with other methods of measuring body temperature in acute stroke patients. 10 A stroke physician examined each patient during their admission for potential alternative sources of raised body temperature: sepsis, deep venous thrombosis (DVT), or surgery.
Brain imaging. Each patient had 2 MR brain scans: 1) as soon as practicable after admission to hospital, and 2) around 5 days after stroke onset. Both scans measured brain temperature of normal and abnormal (i.e., ischemic) brain regions. We used a GE Signa Echospeed LX 1.5T (General Electric, Milwaukee, WI) MR scanner with self-shielding gradients (33 mT/m maximum) and birdcage quadrature head coil. In each patient on both occasions we performed axial T 2 *-weighted gradient echo imaging; fluid-attenuated inversion recovery (FLAIR) imaging; axial DWI or diffusion tensor imagingwith field of view (FOV) 240 ϫ 240 mm, 15 axial slices of thickness 5 mm, slice gap 1 mm, acquisition matrix 128 ϫ 128, echo time 97.4 msec, repetition time 10 s, and diffusion sensitizing gradients with scalar b values of 1,000 s/mm 2 applied in 6 noncollinear directions; and multivoxel point resolved spectroscopy (PRESS)-localized proton MRS imaging ( 1 H MRSI, FOV 320 ϫ 320 mm, slice thickness 10 mm, acquisition matrix 24 ϫ 24, echo time 145 msec, and repetition time 1,000 msec, 512 complex data points acquired with a sampling interval of 1 msec).
Brain temperature measurement. MRSI technique. We used an MR technique that has been described in detail in previous publications. 1, 11 Brain temperature estimation. We calculated cerebral temperature for each voxel from the relative chemical shifts of water and NAA. Temperature-dependent changes in hydrogen bonding cause the water chemical shift to vary linearly with temperature at 0.01 ppm per°C, 12, 13 while the chemical shift of NAA is independent of temperature. Both chemical shifts are essentially independent of pH. 14 Tissue classification. We classified brain voxels based on the DWI appearance using an operational classification as described previously, 1 into abnormal (definitely and possibly abnormal, i.e., "ischemic," on DWI) and normal (ipsilateral and contralateral). We calculated the mean temperature values for each tissue type, blind to body temperature readings and blood marker levels.
Measurement of blood markers. We aimed to draw blood daily for 5 days following stroke as close to the same time each day as possible. We drew blood as soon as possible after initial clinical assessment, quickly transferred it on water ice for centrifugation at 3,000 rpm for 10 minutes, and froze plasma at Ϫ80°C until analysis. We measured CRP and fibrinogen by immunonephelometry (Prospec, Dade Behring Milton Keynes, UK) and IL-6 by ELISA (R & D Systems, Oxford, UK), blind to stroke outcome. Intra-assay and interassay coefficients of variation were for CRP 4.7% and 8.3%, for fibrinogen 2.6% and 5.3%, and for IL-6 7.5% and 8.9%.
Statistical analysis. We used Stata 11 (2009 StataCorp) for statistical analysis. We analyzed only those cases or scans where complete data were available for each analysis, and did not impute missing data. We compared normally distributed data with Student t tests and skewed data with the Wilcoxon rank sum test. We assessed correlation between variables with Spearman rank correlation coefficients. We used linear regression to measure the association between mean blood marker or mean body temperature, and marker levels at admission and gradients with brain temperature. We report the gradient, ␤, and its 95% confidence interval (CI), which we have interpreted as the change in brain temperature in°C per unit increase in blood marker or per°C increase in body temperature. Our primary analysis of brain temperature compared DWI-abnormal ("ischemic") with DWInormal brain tissue. We considered a 2-sided p Ͻ 0.05 to be statistically significant. At each individual time point after stroke in each patient, all markers were correlated (IL-6 vs fibrinogen r ϭ 0.38; IL-6 vs CRP r ϭ 0.46, fibrinogen vs CRP r ϭ 0.68; p Ͻ 0.0001 for each relationship), though mean marker levels were more strongly intercorrelated than at any individual timepoint (IL-6 vs fibrinogen r ϭ 0.68; IL-6 vs CRP r ϭ 0.79; fibrinogen vs CRP r ϭ 0.72; p Ͻ 0.0001 for each relationship).
RESULTS
Body temperature. Body temperature is described in table 1. Median admission aural temperature was 36.4°C (IQR 36 to 36.7°C) and at the time of the first scan was 36.6°C (IQR 36.3 to 37.0°C). During the period of observation, 4 patients had a fever (Ͼ38°C) and 16 patients had a body temperature Ն37.5°C. A potential source of temperature (sepsis, surgical procedure, nasogastric tube, or urinary catheter) was found in 9/16 (56%) of those with body temperature Ͼ37.5°C. Body temperature was observed for a median of 4.5 days (IQR 4.1 to 4.8 days), and the median number of readings per patient was 13 (IQR 11 to 17 observations). Higher mean body temperature was associated with higher mean levels of IL-6 ( p ϭ 0.003), CRP ( p ϭ 0.02), and fibrinogen ( p ϭ 0.01). Body temperature at admission was not significantly correlated with the admission levels of circulating inflammatory markers.
Brain temperature. Brain temperature is described in table 2. At the time of the first scan (n ϭ 44, median 16.7 hours after stroke onset, IQR 7.8 to 21.2 hours), brain temperature was higher in DWIabnormal ("ischemic") than in DWI-normal brain. By the time of the second scan (n ϭ 40, median 4.8 days after stroke, IQR 4.3 to 6.4), mean brain temperature had risen in DWI-normal brain and remained elevated in DWI-abnormal brain, though temperature in DWI-abnormal brain was similar (though slightly higher) than DWI-normal brain.
Relationship between brain and body temperature and inflammatory markers. Relationship between brain and body temperature and inflammatory markers is described in table 3. Temperature in DWI-abnormal brain was not associated with IL-6 level at either first or second scan, but was associated with higher levels of CRP (overall mean p Ͻ 0.01, admission level p ϭ 0.014) and fibrinogen (overall mean p Ͻ 0.01) but only at the time of the first scan. Higher temperature in DWI-abnormal brain was not associated with higher body temperature (admission, mean or contemporaneous) at the time of the first scan, but was associated with higher contemporaneous body temperature at the time of the second scan (figure 1).
Higher temperature in DWI-normal brain at the time of both the first and the second scans was associated with higher mean and admission levels of IL-6, and mean levels of CRP and fibrinogen (figure 2). Neither mean body temperature nor body temperature at the time of scanning was associated with temperature in DWI-normal brain.
DISCUSSION
In this study of acute stroke patients, we found that higher levels of circulating markers of the acute inflammatory response were associated with higher temperatures in normal brain. Later after stroke, higher body temperature was associated with higher temperature in DWI-abnormal brain. We also confirmed our previous finding that tissue temperature of DWI-abnormal (ischemic) brain was higher than in areas of normal brain ipsi-or contralateral to the stroke. 1 We used a validated noninvasive imaging technique to measure brain temperature in patients with ischemic stroke. Previous studies of brain diseases 15, 16 have measured local brain temperature invasively in patients on intensive care units, who have other reasons-usually neurosurgical-for invasive monitoring devices. Such monitoring is impractical in a less intensive ward-based setting and only measures temperature in tissue close to the probe whereas MRS measures temperature across a slice of brain allowing direct comparison between DWI-abnormal and normal-appearing brain. While the recruitment of patients for our study is not immune from a number of selection biases, these patients are more likely to be more representative of most populations of stroke patients than invasively monitored patients, and therefore of the potential target population for hypothermic treatments.
Our study has several limitations. First, we recruited relatively few patients, a reflection of the difficulties inherent in performing complex MRI in acute stroke patients. This has limited the strength of our conclusions, and the power of our analyses. While we have not found a significant difference between the association of blood markers of inflammation and brain temperature in different regions of the brain, it is possible that one exists. Only a larger number of patients would strengthen this conclusion. Second, because we took blood and measured brain temperature serially in a group of patients where clinical priorities led to early discharge from hospital, or some patients were too ill, we had missing data for a number of patients. It is likely therefore that those patients in whom data were missing differed systematically from those patients in whom we had complete data even though we were not able to demonstrate a statistical difference. This may have biased our results and either overestimated or underestimated the strength of any associations. Third, as Abbreviations: CI ϭ confidence interval; DWI ϭ diffusion-weighted imaging; MR ϭ magnetic resonance. a Weighted by number of measured voxels per patient and DWI normal-appearing brain includes voxels both ipsilateral and contralateral to the stroke lesion. an observational study, we were not able to draw strong conclusions about the causative role of inflammatory markers on body or brain temperature, or body on brain temperature or vice versa, nor can we comment on potential effects of therapeutic hypothermia. Fourth, we measured only 3 inflammatory markers at daily intervals; measurement more frequently, or of different markers, might provide more information.
The data from this study support the following conclusions: first, that the rise in brain temperature
Figure 1
Temperature in diffusion-weighted imaging (DWI) abnormal ("ischemic") brain is more strongly associated with body temperature later after stroke A 1°C higher body temperature is associated with a 0.5°C (95% confidence interval [CI] Ϫ0.6 to 1.6) higher temperature in DWI-abnormal brain at 16 hours (red line and dots), and a 1.2°C (95% CI 0.2 to 2.3) higher temperature in DWI-abnormal brain at 5 days (black line and dots).
Figure 2 Temperature of diffusion-weighted imaging (DWI) normal brain is associated with higher blood levels of interleukin-6
A 1 pg/mL higher overall mean level of interleukin-6 was associated with a 0.1°C (0 to 0.1) higher temperature in DWInormal brain at admission and a 0.5°C (0.1 to 0.3) higher temperature in DWI-normal brain at 5 days poststroke.
early after stroke in ischemic brain is not associated strongly and consistently with body temperature (though we cannot exclude such an association). Second, later after stroke, body temperature is associated with brain temperature, most strongly in abnormal brain tissue. Third, brain temperature is associated with markers of inflammation. However, although our results do not show whether this effect is significantly stronger in DWI-normal or DWI-abnormal brain, significant relationships were more frequent with DWI-normal than abnormal brain. Fourth, mean body temperature is associated with mean markers of inflammation. The relationship between body and temperature in DWI-normal and DWI-abnormal brain is therefore complex, and could imply that early temperature elevation in DWI-abnormal brain is due to different mechanisms than temperature elevation in DWInormal brain and the rest of the body. Early and rapid cooling of body temperature may not result in an equally rapid brain cooling, particularly of the ischemic tissue.
Studies of therapeutic hypothermia in acute stroke are of great interest, and we look forward to the successful completion of randomized controlled trials; they are the only way to reliably explore the causal relationship between body temperature and poor outcome after stroke, and embedded studies of biomarkers could explore the influence of body temperature on circulating markers of inflammation.
This study should inform the design of those trials: although body temperature may be measured as a surrogate endpoint of the efficacy of body cooling, a more relevant biomarker is brain cooling, as body temperature and brain temperature have a complex relationship that is not always easy to predict. Early temperature elevation in ischemic tissue may result from a different mechanism from that which elevates body temperature, as body temperature may not peak until several days after stroke 17 and temperature in DWI-normal brain was higher at the second scan. The mechanisms by which brain or body cooling lead to improved outcomes in animal models after stroke-or potentially in patients-are uncertain, and there may be other important intermediate biomarkers of treatment efficacy. The association between higher levels of inflammation and higher brain temperature hints at a causal relationship between the two and is an important question for further research.
